1. Introduction {#sec0005}
===============

Porcine reproductive and respiratory syndrome (PRRS) continues to be a threat to the swine industry worldwide. The etiological agent, porcine reproductive and respiratory syndrome virus (PRRSV) belongs to the family *Arteriviridae* (order *Nidovirales*), which also includes equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV), and simian hemorrhagic fever virus (SHFV) ([@bib0080], [@bib0060], [@bib0240], [@bib0045], [@bib0400], [@bib0140]). Comparative genome sequence analysis has revealed that PRRSV segregates into two distinct genotypes, European (Type I) and North American (Type II) PRRSV ([@bib0005], [@bib0270], [@bib0320]).

Arteriviruses are small, enveloped viruses (diameter about 65 nm) containing a single-stranded RNA genome of positive polarity. This polycistronic RNA molecule is about 13--16 kb in length (∼15 kb in the case of PRRSV) and contains at least nine open reading frames ([Fig. 1](#fig0005){ref-type="fig"} ). The replicative enzymes of arteriviruses are encoded in ORF1a and ORF1b, which are situated in the 5′-proximal three quarters of the genome. ORF1a and ORF1b encode two long nonstructural polyproteins, pp1a and pp1ab, with expression of the latter depending on a ribosomal frameshift signal in the ORF1a/ORF1b overlap region ([@bib0080], [@bib0400]). Following their synthesis from the genomic mRNA template, the arterivirus pp1a and pp1ab replicase polyproteins are processed into functional nonstructural proteins (nsps) by a complex proteolytic cascade that is directed by four (PRRSV/LDV) or three (EAV) proteinase domains encoded in ORF1a. Over the past two decades, by using bioinformatics, nsp-specific antisera, and various experimental systems, a tentative processing scheme has been developed for EAV pp1a and pp1ab ([@bib0400], [@bib0570], [@bib0470]). For PRRSV, polyprotein processing of the nsp3--12 region by the nsp4 'main protease' is thought to largely follow the same outline, in particular since this is the most conserved part of the replicase and both nsp4 and all of its cleavage sites identified for EAV are fully conserved in the sequences of PRRSV and other arteriviruses. However, a number of important differences are found in the nsp1--2 region, and these will be discussed below, in particular the presence of an additional autoprotease, cleaving the nsp1 region into nsp1α and nsp1β, and a remarkable size difference for nsp2.Fig. 1Processing and functional domains of the PRRSV replicase, and comparison to EAV. (A). *Top*: PRRSV genome organization, showing the 5′-proximal replicase open reading frames (ORFs) 1a and 1b, as well as the downstream ORFs encoding the viral structural proteins envelope (E), membrane (M), nucleocapsid (N), and glycoproteins (GP) 2--5 and the 3′ poly(A) tail (An). *Bottom*: overview of the pp1a and pp1ab replicase polyproteins that derive from genome translation, with pp1ab synthesis requiring a -1 ORF1a/1b ribosomal frameshift (RFS). Arrowheads represent sites cleaved by the four virus-encoded proteases (open for sites cleaved by the three N-proximal 'accessory proteases', the cysteine proteases PCPα \[Pα\], PCPβ \[Pβ\], and CP; closed for sites processed by the 'main protease', the nsp4 serine protease \[SP\]). The numbering/nomenclature of the resulting nonstructural proteins (nsp) is indicated. In addition to the four protease domains, three key enzymatic domains are depicted: the nsp9 RNA-dependent RNA polymerase (RdRp), the nsp10 helicase (Hel), and the nsp11 endoribonuclease (Ne). Adapted from [@bib0265]. (B). Comparison of the replicase polyprotein processing maps of PRRSV and the arterivirus prototype EAV. Note the presence of an uncleaved nsp1 in EAV and nsp1α and nsp1β subunits in PRRSV, and the remarkable size difference between the nsp2 subunits of both viruses. ZF: zinc finger; HVR: hypervariable region; T: (putative) transmembrane domain; C: cluster of conserved Cys residues; Z: predicted zinc-binding domain. (C). Kyte & Doolittle hydrophobicity plot (window size 21; above the axis is hydrophobic) of replicase pp1ab of PRRSV (strain VR2332). Prominent hydrophobic domains are present in nsp2, nsp3, and nsp5, and are thought to mediate the membrane association of the replication and transcription complex. (D). Model for alternative processing of the EAV nsp3--8 region in pp1a (and, likely, also pp1ab), as proposed by [@bib0535]. The association of cleaved nsp2 with nsp3--8 was shown to direct cleavage of the nsp4/5 site by the nsp4 SP (major pathway). Alternatively, in the absence of nsp2, the nsp5/6 and 6/7 sites were found to be processed and the nsp4/5 junction remained uncleaved. The status of the small nsp6 subunit (fully cleaved or partially associated with nsp5 or nsp7) remains to be elucidated.

The key enzymes for arterivirus RNA synthesis are encoded in ORF1b, in particular the viral RNA-dependent RNA polymerase (RdRp; nsp9) and RNA helicase (Hel; nsp10). Together with putative "accessory subunits", these enzymes assemble into a membrane-associated viral replication and transcription complex (RTC; [@bib0295]), which mediates both genome replication and the synthesis of a nested set of subgenomic (sg) mRNAs. The latter, a hallmark of all nidoviruses, form a 5′- and 3′-coterminal nested set ([@bib0090]) and is required to express the arterivirus structural protein genes ([@bib0400], [@bib0290]). In addition to the specific viral nsps discussed below, regulatory RNA sequences are critical for sg mRNA synthesis, which is thought to rely on discontinuous minus-strand RNA synthesis to produce the templates for sg mRNA synthesis, a mechanism shared with coronaviruses. The mechanistic details of corona- and arterivirus sg mRNA synthesis have recently been summarized in the reviews of e.g. [@bib0290], [@bib0415], and [@bib0350], and will not be addressed in detail here, with the exception of arterivirus nsp1 function. In addition to their decisive role in viral RNA synthesis, it has become clear that certain arterivirus nsps or nsp domains may serve specific roles in viral pathogenesis and antagonizing host immunity.

In this review, we will discuss the current knowledge on the structure, function, and biochemistry of PRRSV nsps, obtained from studies in cell culture systems, reverse genetics, and animal models. For several aspects, this information will be placed against the background of the EAV replicase, which has been more extensively characterized in terms of nsp molecular biology and biochemistry. We will summarize (i) our current knowledge of the expression and molecular biology of PRRSV nsps and their functions in viral replication; (ii) recent studies of PRRSV nsps suggesting that they may modulate host immune responses and viral pathogenesis; (iii) the application of our knowledge on PRRSV nsps in the development of vaccines and diagnostic assays. Finally, we outline future perspectives concerning arterivirus replicase research and discuss how such information may lead to improved strategies for diagnosis and prevention of PRRS.

2. PRRSV replicase processing and nsp functions in viral RNA synthesis {#sec0010}
======================================================================

2.1. Proteolytic processing of the replicase polyproteins {#sec0015}
---------------------------------------------------------

As in all nidoviruses, arterivirus nsps derive from the post-translational processing of two large precursor polyproteins, pp1a and pp1ab. The proteolytic cleavages yielding the individual PRRSV nsps ([Fig. 1](#fig0005){ref-type="fig"}A--B; [Table 1](#tbl0005){ref-type="table"} ) were initially predicted from comparative sequence analysis ([@bib0570]) in combination with data from experimental studies on EAV, the arterivirus prototype ([Fig. 1](#fig0005){ref-type="fig"}B). Likewise, the initial functional assignments of various individual arterivirus nsps were largely based on sequence analysis (within the arterivirus group and in the broader context of the nidovirus order) and the dissection of the EAV replicative cycle through molecular biological, biochemical, and (reverse) genetics approaches.Table 1PRRSV polyprotein pp1ab cleavage products and their (potential) functions.Cleavage Product(predicted) N- and C-terminal residues of each cleavage product in polyprotein pp1ab[a](#tblfn0005){ref-type="table-fn"}Known or predicted nsp properties/functions[b](#tblfn0010){ref-type="table-fn"}Type I PRRSVType II PRRSVnsp1αMet1--? (? aa)Met1--Met180 (180 aa)zinc finger-protein; accessory protease PCPα; regulator of sg mRNA synthesis; potential IFN antagonistnsp1β?--Gly385 (? aa)Ala181--Gly383 (203 aa)accessory protease PCPβ; potential IFN antagonistnsp2Ala386--Gly1463[c](#tblfn0015){ref-type="table-fn"} (1078 aa)Ala384--Gly1579[c](#tblfn0015){ref-type="table-fn"} (1196 aa)accessory protease CP; deubiquitinating (DUB) enzyme (OTU class); potential IFN antagonist; transmembrane protein, involved in membrane modificationnsp3Ala1464--Glu1693 (230 aa)Gly1580--Glu1809 (230 aa)transmembrane protein, involved in membrane modificationnsp4Gly1694--Glu1896 (203 aa)Gly1810--Glu2013 (204 aa)main protease SPnsp5Gly1897--Glu2066 (170 aa)Gly2014--Glu2183 (170 aa)transmembrane protein, possibly involved in membrane modificationnsp6Gly2067--Glu2082 (16 aa)Gly2184--Glu2199 (16 aa)?nsp7αSer2083--Glu2231 (149 aa)Ser2200--Glu2348 (149 aa)?nsp7βAsn2232--Glu2351 (120 aa)Asn2349--Glu2458 (110 aa)?nsp8Ala2352--Cys2396[d](#tblfn0020){ref-type="table-fn"} (45 aa)Ala2459--Cys2503[d](#tblfn0020){ref-type="table-fn"} (45 aa)?nsp9Ala2352--Glu3036 (685 aa)Ala2459--Glu3143 (685 aa)RNA-dependent RNA polymerasensp10Gly3037--Glu3478 (442 aa)Gly3144--Glu3584 (441 aa)NTPase; RNA helicase; contains putative zinc-binding domainnsp11Gly3479--Glu3702 (224 aa)Gly3585--Glu3807 (223 aa)endoribonuclease (NendoU)nsp12Gly3703--Pro3854 (152 aa)Gly3808--Asn3960 (153 aa)?[^1][^2][^3][^4]

The arterivirus replicase processing scheme ([Fig. 1](#fig0005){ref-type="fig"}) involves the rapid autoproteolytic release of two or three N-terminal nsps \[nsp1 (or nsp1α/1β) and nsp2\] and the subsequent processing of the remaining polyproteins by the "main protease" residing in nsp4 ([@bib0395]), together resulting in a set of 13 or 14 individual nsps. It should be noted, however, that many intermediate cleavage products of unknown function have also been detected ([@bib0385], [@bib0485]) and that alternative major and minor processing pathways have been defined for the EAV nsp3--8 region ([@bib0535]).

According to the current processing scheme, PRRSV pp1a is processed into 10 end products (including nsp1α/nsp1β and nsp7α/nsp7β) as a result of 9 proteolytic cleavages ([@bib0385], [@bib0085], [@bib0570], [@bib0470]). The same cleavages are presumed to occur in pp1ab, and in addition, the nsp4 main protease cleaves three sites in the ORF1b-encoded portion of pp1ab to produce nsp9 to nsp12 ([@bib0485]). Nsp8, the last subunit upstream of the ribosomal frameshift site, is fully colinear with the N-terminal domain of the RdRp-containing subunit nsp9, of which the N-terminus is released by cleavage of the nsp7/8 site ([Fig. 1](#fig0005){ref-type="fig"}). [@bib0535] proposed a model for differential processing of the EAV nsp3--8 region, in which cleaved nsp2 acts as a co-factor for cleavage of the nsp4/5 site in the nsp3--8 processing intermediate by the nsp4 protease ([Fig. 1](#fig0005){ref-type="fig"}D). This is thought to constitute the 'major' processing pathway, but when nsp2 does not associate with nsp3--8, a 'minor' pathway can be followed in which the nsp4/5 site remains uncleaved and the nsp5/6 and nsp6/7 sites are processed instead.

The arterivirus nsp1 region contains a tandem of papain-like autoprotease domains (PCPα and PCPβ), but in EAV PCPα has lost its enzymatic activity, resulting in the 'merge' of nsp1α and nsp1β into a single nsp1 subunit ([@bib0085]). Thus, instead of three self-cleaving N-terminal replicase subunits, EAV has two: nsp1 and nsp2 ([Fig. 1](#fig0005){ref-type="fig"}B). Recently, the exact PRRSV nsp1α/1β and nsp1β/2 cleavage sites were identified by direct N-terminal sequence analysis ([@bib0420], [@bib0050]). The nsp1α/1β site of Type II PRRSV was found to be at ~180~M↓A~181,~ which is 14 amino acids downstream of a previously proposed candidate (~166~Q↓R~167~). Based on a sequence alignment of this part of nsp1, the corresponding cleavage site in Type I PRRSV would be ~180~H↓S~181~ ([@bib0050]), but this remains to be confirmed experimentally, in particular since it would be unusual for a PCP cleavage site to have a His residue at the P1 position (cleavage site nomenclature according to [@bib0355]). [@bib0050] also confirmed that the nsp1β/2 cleavage site (~383~G↓A~384~ in Type II PRRSV) matches the previous prediction of [@bib0570].

2.2. The nonstructural proteases {#sec0020}
--------------------------------

The two or three N-proximal 'accessory proteinases' in arterivirus replicase polyproteins are most similar to cellular papain-like enzymes. They are all predicted to employ a Cys-His tandem as active site residues, and this similarity, together with their sequential position in the genome (the three PRRSV papain-like domains are present in the first 500 residues of the replicase), suggests that duplications of accessory proteases are likely to have occurred in the course of arterivirus evolution ([@bib0570]).

The arterivirus PCPα and PCPβ domains were found to be active in reticulocyte lysates and *E. coli*, systems that were used to corroborate their functionality and first document the generation of the nsp1(α/β) cleavage products ([@bib0380], [@bib0085]). Both PCP domains appear to act exclusively *in cis*, and it has been speculated that this property may be due to the post-cleavage retention of the C-terminal residues of nsp1α and nsp1β in the active sites of PCPα and PCPβ, respectively ([@bib0570]). A recent PRRSV research highlight, the crystal structure of nsp1α by Sun and co-workers ([@bib0420]; [Fig. 2](#fig0010){ref-type="fig"}A), indeed documented the presence of a number of nsp1α C-terminal residues in the PCPα substrate-binding pocket, in a well-stabilized form that would preclude further proteolytic reactions. The same study also corroborated the presence of a zinc-binding domain near the N-terminus of the arterivirus nsp1 region (see below).Fig. 2Ribbon diagrams of the PRRSV nsp1α and nsp4 crystal structures. Representations were made using the Pymol molecular graphics system ([@bib0065]) and PDB entries 3IFU ([@bib0420]) and 3FAN ([@bib0440]), respectively. (A). Crystal structure of an nsp1α monomer consisting of five β strains and five α helices ([@bib0420]). The N-terminal ZF domain (Met1 to Glu65; Zn-binding residues highlighted in yellow) and C-terminal PCPα domain (Pro66 to Gln166) are colored as blue and dark red ribbons, respectively. The 'C-terminal extension' (CTE: Arg167 to Met 180) that resides inside the PCPα substrate-binding pocket is featured in green. (B). Crystal structure of PRRSV nsp4 ([@bib0440]). The protein consists of three domains of which the first two (in dark red and pink) form the typical chymotrypsin-like two-β-barrel fold. A long loop connecting domains I and II is highlighted in green, whereas the arrow represents a loop consisting of residues 136--140, which was devoid of visible electron density. The residues of the catalytic triad are highlighted in red. The C-terminal domain was shown to be dispensible for proteolytic activity in EAV nsp4 and is depicted in blue ([@bib0010], [@bib0475]). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

The nsp2 subunit has been shown to be highly variable in length among the sequenced isolates of different arteriviruses. In the PRRSV Type I prototypic strain, Lelystad virus, nsp2 is (predicted) to be 1077 amino acids in length, while the protein of the Type II prototypic strain, VR2332, has an additional 118 amino acids. The (predicted) EAV-, LDV-, and SHFV-encoded nsp2 proteins are 571, 906, and 757 amino acids in length, respectively ([@bib0240], [@bib0135], [@bib0005], [@bib0270], [@bib0570]). The arterivirus nsp2 contains a cysteine protease domain (CP) in its N-terminal domain, which mediates its rapid release from pp1a/pp1ab and possesses both *cis*- and *trans*-cleavage activities ([@bib0390], [@bib0160]). The arterivirus nsp2 CP domain was also identified as a member of the ovarian tumor domain (OTU) family of deubiquitinating enzymes ([@bib0225], [@bib0125], [@bib0430]), a property that will be discussed in more detail below. Two candidate PRRSV nsp2/3 cleavage sites were predicted by comparative sequence analysis with EAV ([@bib0005], [@bib0270], [@bib0570]). The work of [@bib0160] indicated that the more downstream candidate, which flanks the highly conserved nsp3 subunit, most likely is the actual nsp2/3 cleavage site, although the classification of the CP as an OTU family member would suggest that the enzyme does not cleave inside but downstream of the proposed Gly--Gly doublet ([Table 1](#tbl0005){ref-type="table"}). A recent analysis of the C-terminus of immunoprecipitated nsp2 from cells infected with a Type I PRRSV (SD01-08) further supports this notion. The nsp2/3 cleavage was found to most likely occur at ~1445~GG↓A~1447~ (corresponding to ~1462~GG↓A~1464~ in the prototypic Lelystad virus sequence)~,~ which is one amino acid downstream from the previously predicted ~1445~G↓G~1446~ site that equals ~1462~G↓G~1463~ in Lelystad virus (Fang et al., unpublished data).

The arterivirus nsp4 main proteinase is a member of a relatively rare group of proteolytic enzymes, the 3C-like serine proteases ([@bib0395]), which combine the catalytic triad (His-Asp-Ser) of classical chymotrypsin-like proteases with the substrate specificity of the 3C-like cysteine proteases, a subgroup of chymotrypsin-like enzymes named after the picornavirus 3C proteases. Specific residues in the substrate-binding region of the arterivirus nsp4 SP are assumed to determine its specificity for cleavage sites containing a Glu residue at the P1 position and a small residue (commonly Gly, Ser or Ala) occupying the P1′ position. Crystal structures for EAV and PRRSV nsp4 ([@bib0010], [@bib0440]; [Fig. 2](#fig0010){ref-type="fig"}B) revealed that the protein consists of three domains, with domains I and II forming the typical chymotrypsin-like two-β-barrel fold. The C-terminal domain III is dispensable for proteolytic activity and may be involved in fine-tuning replicase polyprotein proteolysis ([@bib0475]). Based on the analysis of EAV replicase processing, the PRRSV nsp4 SP was proposed to mediate 9 cleavages in the nsp3--12 region. While assessing the proteolytic activity of recombinant PRRSV nsp4 *in vitro*, the nsp3/4, nsp4/5, and nsp11/12 cleavage sites previously predicted by [@bib0570] were confirmed as cleavable substrates ([@bib0440]).

2.3. Arterivirus nsp1: interconnecting various stages of the replicative cycle {#sec0025}
------------------------------------------------------------------------------

Arterivirus RNA synthesis entails both genome amplification and the production of sg mRNAs, which serve as templates for the translation of viral structural protein genes ([Fig. 3](#fig0015){ref-type="fig"} ). Due to the fact that all arterivirus mRNAs are equipped with a common leader sequence, which is identical to the 5′-terminal sequence of the genome, they form a 5′- and 3′-coterminal nested set of transcripts. The majority of data on arteri- (and coronavirus) RNA synthesis supports a model proposed by [@bib0345], according to which the unique structure of sg mRNAs derives from discontinuous extension during minus-strand RNA synthesis. This process resembles copy-choice RNA recombination and is guided by specific RNA signals (transcription-regulatory sequences, TRS; [@bib0505], [@bib0285]). In the genomic RNA, these RNA motifs are found upstream of each structural protein gene (body TRS) and in the 3′-end of the leader sequence (leader TRS) \[recently reviewed in [@bib0290] and [@bib0350]\]. Minus-strand RNA synthesis is invariably initiated at the genomic 3′ end and can presumably be "attenuated" at a body TRS motif. The genomic leader TRS then serves as a base-pairing target for the body TRS complement presented at 3′ end of the nascent minus strand, which is translocated to the 5′-proximal region of the genomic template, base pairs to the leader TRS, and is extended with the complement of the leader sequence. The subgenome-length minus-strand templates produced in this manner then serve as templates for the synthesis of the various sg mRNAs. Discontinuous minus-strand RNA synthesis likely 'competes' with the synthesis of the full-length minus strand, implying that regulatory mechanisms must exist to control the use of the genomic RNA template for full-length versus subgenome-length minus-strand production. In the EAV model, nsp1 appears to be a key regulatory factor in this context ([Fig. 4](#fig0020){ref-type="fig"} ) and was recently proposed to control the production of each of the viral mRNA by determining the accumulation level of their respective minus-strand templates ([@bib0265]).Fig. 3Overview of the PRRSV replicative cycle highlighting the various steps in viral RNA and protein synthesis. Genome translation yields the pp1a and pp1ab replicase polyproteins that are cleaved into the mature nonstructural proteins. These assemble into a replication and transcription complex (RTC) that recognizes the 3′ of the genome to initiate minus-strand RNA synthesis. Continuous minus-strand RNA synthesis yields the genome-length minus strand template for genome replication. Guided by regulatory RNA sequences (TRSs, in orange) and proteins (see [Fig. 4](#fig0020){ref-type="fig"}), discontinuous minus-strand RNA synthesis produces a nested set of subgenome-length minus strands that serve as templates for sg mRNA synthesis. The ORFs expressed from the respective mRNAs are indicated. The common 5′ leader (L) sequence on the mRNAs and the common 3′ anti-leader (A) on the minus-strand RNAs are indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)Fig. 4Arterivirus nsp1 modulates genome replication and transcription at the level of minus-strand RNA synthesis. (A). Continuous minus-strand RNA synthesis by the viral RdRp complex yields a genome-length minus strand template for genome replication, a process for which nsp1 is dispensable. (B) EAV nsp1 (presumably nsp1α in PRRSV) switches the RdRp complex into 'discontinuous mode' and modulates minus-strand RNA synthesis to control the relative abundance of both genomic and sg mRNAs ([@bib0265]). Discontinuous RNA synthesis is guided by a base pairing interaction between the TRS complement \[(−)TRS\] at the 3′ end of the nascent minus-strand and the genomic leader TRS, which is present in an RNA hairpin structure (LTH). Following base pairing, minus-strand RNA synthesis resumes to add the anti-leader sequence to the nascent subgenome-length minus strand, which subsequently serves as a template for sg mRNA synthesis. The RNA and/or protein element(s) with which nsp1 interacts to control viral mRNA abundance remain to be identified.Figures adapted from [@bib0265].

By reverse genetics, EAV nsp1 was first shown to be dispensable for genome amplification but essential for sg mRNA production ([@bib0445]). A predicted zinc finger domain in its N-terminal region, whose existence was recently confirmed in the PRRSV nsp1α structure ([@bib0420]), was implicated in the regulation of sg RNA synthesis. Subsequently, by extensive characterization of a set of mutants, nsp1 was identified as a multifunctional protein that interconnects three important steps of the EAV replicative cycle: replicase polyprotein cleavage, sg mRNA production, and virion biogenesis ([@bib0460], [@bib0265]). Although replication can proceed in the absence of nsp1, its autoproteolytic release was found to be essential for RNA synthesis, suggesting that nsp2 functionality depends on cleavage of the nsp1/2 site. A similar observation was made for PRRSV nsp2 and the critical processing of the nsp1β/2 site ([@bib0210]). The postulated key role for the nsp1/nsp1α zinc finger domain was supported by the complete and selective block of sg mRNA accumulation observed upon mutagenesis of zinc-coordinating residues in EAV nsp1 ([@bib0460]). Subsequently, transcription-negative phenotypes were also obtained upon replacements of charged residues in the PCPα and PCPβ domains. This underlines the importance of all subdomains of nsp1, which was recently proposed to modulate the accumulation of both genome- and subgenome-length minus-strand RNA and thereby fine-tune the relative abundance of each of the viral mRNAs in the infected cell ([Fig. 4](#fig0020){ref-type="fig"}; [@bib0265]). In PRRSV, this function is likely performed by nsp1α, since inactivation of the nsp1α/nsp1β cleavage yielded a replication-positive, sg mRNA-negative phenotype similar to that observed for a variety of EAV nsp1 mutants ([@bib0210]). Examining the interactions of nsp1/nsp1α with other viral proteins, like RdRp and helicase, and the RNA motifs directing viral RNA synthesis is an obvious starting point in dissecting the molecular basis of the regulatory activities of nsp1 proteins in arterivirus RNA synthesis.

Surprisingly, replacements of certain residues in the zinc finger and PCPα domains of EAV nsp1 had little effect on the accumulation of EAV RNAs, but greatly decreased the production of infectious progeny particles, suggesting that nsp1 is important for virion biogenesis as well ([@bib0265]) and participates in the poorly characterized multi-step process of virion assembly and release. A final remarkable feature of EAV nsp1 and PRRSV nsp1α and nsp1β, their partially nuclear localization ([@bib0450], [@bib0455], [@bib0050]), will be discussed in more detail below.

2.4. Hydrophobic nsps inducing extensive reorganization of intracellular membranes {#sec0030}
----------------------------------------------------------------------------------

With the exception of nsp1(α/β) proteins, all arterivirus replicase subunits studied to date were found to exclusively localize to the perinuclear region of the infected cell ([Fig. 5](#fig0025){ref-type="fig"}A--B; [@bib0480], [@bib0210]; Fang et al., unpublished data). They are associated with intracellular membranes, likely derived from the endoplasmic reticulum (ER), which are modified into vesicular double-membrane structures with which the viral replication and transcription complex (RTC) is thought to be associated ([@bib0295]). The formation of closely paired membranes and double membrane vesicles (DMVs; [Fig. 5](#fig0025){ref-type="fig"}C--E) is a typical feature of infected cells that was described many years ago for all arteriviruses, including PRRSV ([@bib0540], [@bib0300]). Biochemical and electron microscopy studies have implicated the ORF1a-encoded subunits that contain (predicted) membrane-spanning domains (in particular nsp2, nsp3, and nsp5; [Fig. 1](#fig0005){ref-type="fig"}C) in inducing these membrane modifications. They may thus serve to anchor nsps lacking such hydrophobic domains to the membranes that are postulated to form a scaffold for viral RNA synthesis. Expression of EAV nsp2--3 in a heterologous expression system induced strikingly similar structures, indicating that DMV formation does not depend on other viral proteins and/or EAV-specific RNA synthesis ([@bib0405]). Nsp2 and nsp3 are known to interact ([@bib0385]), and a lumenal nsp3 domain containing a cluster of 4 conserved Cys residues was recently implicated in DMV formation ([@bib0310]).Fig. 5Subcellular localization of replicase subunits and virus-induced membrane structures. (A). Distribution of selected PRRSV nsps in MARC-145 cells infected with strain VR2332. At 12 h post infection, nsps were detected using FITC-labeled monoclonal antibodies. Images of representative infected cells were obtained with a 63 x oil objective, Zeiss LSM 510 confocal microscope. Note that both nsp2 and nsp7 map to the perinuclear region where extensive membrane changes can be observed (panels B--E), whereas part of nsp1β is present in the nucleus (see text for details). (B--E). Electron micrographs of EAV-infected BHK-21 cells. Electron micoscopy analysis of arterivirus-induced membrane changes in BHK-21 (B--D) or Vero-E6 (E) cells infected with EAV. Scale bars represent 100 nm. (B). The rectangle indicates a region containing many double membrane vesicles (DMVs), and also many ribosomes, with which viral RNA synthesis is presumably associated. The arrows point towards virus particles budding from smooth intracellular membranes in or close to the Golgi region. (C). Possible intermediate in DMV formation from endoplasmic reticulum (ER) membranes. Whereas the inner DMV membrane appears to be detached, the outer DMV membrane is continuous with an ER cisterna. An electron dense, neck-like connection is clearly visible (arrow). Adapted from [@bib0405]. (D). Image of typical DMVs with apparently sealed inner and outer membranes. The membranes are generally tightly apposed; arrows point to regions which readily visualize the double-membrane nature of the vesicles. Adapted from [@bib0400]. (E). Example of a recent electron tomography analysis revealing the interconnected nature of EAV--induced DMVs. Double-tilt electron tomography was applied to a semi-thick section of an EAV-infected Vero-E6 cell, cryofixed at 7 h p.i., and images were processed to compute tomograms. The image represents a tomographic slice with a thickness of 1.2 nm showing a rough ER cisterna and various DMVs that are connected with each other and with the ER by their outer membranes (arrows). Despite a major difference in the size of the DMVs, which are about twice smaller in arteriviruses, this membrane structure resembles the reticulovesicular network recently documented for SARS-coronavirus ([@bib0205]).Courtesy of Dr. Kèvin Knoops and co-workers, Leiden University Medical Center.

The formation of DMVs is a feature shared with coronaviruses, for which electron tomography analysis of infected cells revealed that these unusual structures are part of an extensive network of modified ER ([@bib0205]). Although arterivirus-induced DMVs are substantially smaller than those in coronavirus-infected cells ([@bib0295]), a similar network of interconnected DMVs that is continuous with ER membranes has recently been uncovered for EAV (Knoops, Koster, Mommaas, and Snijder, unpublished data). Both SARS-coronavirus and EAV DMVs were found to contain double-stranded RNA, the presumed intermediate in viral RNA synthesis. However, it is unclear whether this reflects actual RNA production inside DMVs or merely 'RNA accumulation', for example to delay double-stranded RNA-triggered host innate immune responses. The fact that early RNA synthesis can apparently proceed in the absence of (large numbers of) DMVs raises the possibility that the active RTC may localize elsewhere in the cell and that DMVs may in fact be a 'side effect' of overproduction of membrane-spanning viral nsps during the later stages of infection. On the other hand, the general importance of an organelle like the ER certainly does not exclude that nidoviruses may induce its dramatic remodelling to manipulate specific host cell processes. Furthermore, membranes were found to be important for the activity of EAV RTCs isolated from infected cells, which were also found to require a cytosolic host cell protein for *in vitro* genome and sg mRNA synthesis ([@bib0500]).

2.5. The key enzymes in arterivirus RNA synthesis: the nsp9 RdRp and nsp10 helicase {#sec0035}
-----------------------------------------------------------------------------------

ORF1b is the most conserved part of arterivirus (and nidovirus) genomes and encodes the key enzymes for RNA-templated RNA synthesis---the RdRp and helicase, originally identified by comparative sequence analysis ([@bib0080]). The RdRp domain is found in the C-terminal portion of replicase subunit, nsp9, which contains an additional upstream domain of unknown function. A protocol to purify an enzymatically active recombinant form of the EAV nsp9-RdRp from *E. coli* was recently developed ([@bib0020]), and its initial biochemical characterization revealed that the protein is able to initiate RNA synthesis *de novo*. Although RNA polymerization *in vitro* did not depend on the presence of other viral proteins, the recombinant EAV RdRp could not utilize short sequences representing the 3′ end of the viral genome as template, suggesting that additional factors are required for template selection and/or activity *in vivo*. Clearly, not only mechanistic studies into nidovirus RNA synthesis but also antiviral drug development may benefit from the availability of functional recombinant arterivirus RdRps.

RNA helicases are a diverse class of enzymes that use energy from ATP hydrolysis to unwind RNA duplexes. Much like the RdRp domain, the arterivirus helicase is part of a larger replicase subunit, nsp10, which also contains an N-terminal predicted zinc-binding domain. This domain, containing 13 conserved Cys and His residues ([@bib0495]), is conserved in all nidovirus helicases. Recombinant EAV and PRRSV nsp10 have ATPase activity and can unwind RNA and DNA duplexes in a 5′-to-3′ direction *in vitro* ([@bib0365], [@bib0015]). Notably, this 5′-to-3′ polarity of the helicases of arteriviruses and other nidoviruses has so far not been reconciled with their presumed role in unwinding double-stranded RNA structures hindering the progress of the RdRp, which proceeds in the opposite direction during viral RNA synthesis.

The zinc-binding domain of arterivirus nsp10 is also critical for the *in vitro* ATPase and helicase activities of the protein ([@bib0370]). Although residues from this domain are unlikely to be involved in catalysis, zinc coordination might assist the proper folding of nsp10 and/or mediate interactions with substrate RNA molecules. Already before the discovery of nsp1\'s function in sg RNA synthesis, the serendipitous introduction of a mutation in the EAV nsp10 'linker' region connecting the zinc-binding and helicase domains revealed that arterivirus sg mRNA synthesis can be functionally uncoupled from genome replication ([@bib0490]). This Ser-2429 to Pro substitution in nsp10 did not interfere with replicase polyprotein processing, accumulation of genomic RNA, or *in vitro* helicase activity, but resulted in a more than 100-fold reduction of subgenome-length minus- and plus-strand RNA accumulation ([@bib0510]).

2.6. The nsp11 endoribonuclease: a potential 'suicide enzyme' found in all nidoviruses {#sec0040}
--------------------------------------------------------------------------------------

In addition to the core viral enzymes described above, the replicative machinery of nidoviruses includes several subunits with rather unusual RNA-processing activities that have few or no known counterparts in the RNA virus world. The majority of these enzymes are encoded only by nidoviruses with large genomes, like coronaviruses, but one of them---the nidovirus endoribonuclease (NendoU) domain is conserved throughout the nidovirus order ([@bib0410], [@bib0140]). To date, no NendoU counterparts have been identified in other RNA viruses, and this domain is thus considered a genetic marker of *Nidovirales*. The arterivirus NendoU domain resides in nsp11 and is N-terminally fused to another domain of unknown function. Its critical role in the arterivirus replicative cycle was first established by reverse genetics ([@bib0305]). Remarkably, however, replacements of any of the three predicted active site residues of EAV NendoU were not lethal, although they yielded severely crippled mutants exhibiting a moderate but specific defect in sg mRNA synthesis and a dramatic reduction of infectious progeny titers by up to 5 logs. A recent account of a reverse genetics analysis of the PRRSV NendoU domain corroborated the observations made for EAV, including a specific effect on sg mRNA accumulation, and strengthened the notion that nsp11 is involved in multiple steps of the arterivirus replicative cycle (Yoo et al., personal communication).

NendoU enzymes share certain features with bovine pancreatic RNase A, such as the identity of the active site residues and the proposed mechanism of RNA hydrolysis. Recombinant EAV and PRRSV nsp11 were recently shown to exhibit broad substrate specificity *in vitro* ([@bib0260]). Nsp11 cleaves both single-stranded and double-stranded RNA substrates 3′ of pyrimidines, with a modest preference for cleavage at single-stranded uridylates. Heterologous expression of enzymatically active arterivirus nsp11 in both prokaryotic and eukaryotic cells is extremely toxic ([@bib0260]), suggesting that the 'uncontrolled' enzyme targets essential cellular RNA components. A similar broad activity towards viral RNA substrates in infected cells would make NendoU expression potentially 'suicidal' for a replicating RNA virus and strongly suggests that its access to RNA substrates must be strictly controlled in the context of natural infection. Its integration into the multisubunit RTC and a confined intracellular localization of NendoU-containing nsps likely contribute to a strategy to protect viral RNA from rapid degradation by NendoU. Integration of the currently available data from bioinformatics, *in vitro* assays, and reverse genetics into a coherent hypothesis on NendoU function clearly requires the identification of the *in vivo* substrate(s) of the enzyme. The fact that NendoU knockout mutants remain capable of RNA synthesis has opened the possibility that, opposite to earlier predictions, the enzyme may not function in a nidovirus-specific step of viral RNA synthesis but rather targets unknown cellular substrates. Their identification undoubtedly will be a technically challenging task, but also an inevitable step towards understanding the basis for the conservation of this enzymatic activity in nidoviruses. Apart from unique insights into the role of a replicative endoribonuclease in the life cycle of positive strain RNA viruses, this knowledge will also be an important prerequisite for assessing the suitability of NendoU as a target for the development of antiviral compounds.

2.7. Arterivirus mRNA capping and polyadenylation: unexplored territory {#sec0045}
-----------------------------------------------------------------------

The arterivirus genomic and sg mRNAs are generally assumed to have a 5′-terminal cap structure and are known to be 3′ polyadenylated. The 5′ end of the SHFV genome was reported to contain a type I cap ([@bib0335]) and, in addition, cap analogue was found to be an essential component of *in vitro* transcription reactions used to generate infectious PRRSV and EAV RNA from full-length cDNA templates ([@bib0245]; Snijder et al., unpublished data). Three basic enzymatic activities are commonly required for mRNA capping: (i) an RNA triphosphatase removing the 5′ γ-phosphate group of the RNA substrate; (ii) a guanylyltransferase to catalyze the transfer of GMP to the remaining 5′-diphosphate terminus; and (iii) an N7-methyl transferase to methylate the cap guanine at the N7-position, a step preventing the pyrophosphorolytic reversal of the guanylyltransfer reaction. In higher eukaryotes, the 'cap-0 structure' (7MeGpppN) structure produced by these three consecutive reactions is commonly converted into cap-1 or cap-2 structures by 2′O methyl tranferases that can modify the ribose 2′O-position of the first or second nucleotide of the mRNA, respectively. Given their entire cytoplasmic replication cycle, positive-stranded RNA viruses cannot rely on the capping machinery of the host cell\'s nucleus and have developed specific mechanisms for cytoplasmic mRNA capping, or alternative mechanism to ensure the efficient translation of their mRNAs.

In the distantly related coronaviruses, essentially only the guanylyltransferase involved in the second step of the default mRNA capping pathway outlined above remains to be identified (summarized by [@bib0575]). In contrast, none of the arterivirus nsps has been shown or predicted to possess one of the activities required for capping thus far. The 5′ RNA triphosphatase activity reported for the coronavirus nsp13-helicase ([@bib0170]), which was proposed to initiate the capping reactions, remains to be investigated for its arterivirus homolog, the nsp10-helicase. The N7- and 2′O-methyl transferase domains found in the coronavirus replicase subunits nsp14 and nsp16, respectively, are conspicuously lacking in the arterivirus replicase. Consequently, the investigation of mRNA capping is one of the remaining challenges in arterivirus enzymology. In addition to asking whether cellular enzymes might be recruited to perform one or multiple of the required enzymatic reactions, the biochemical characterization of the domains that currently form the major 'white spots' on the arterivirus replicase map (the C-terminal domain of nsp2, nsp7, the N-terminal half of nsp9, and nsp12) could be a first step in the hunt for the enzymes directing this presumably critical function in arterivirus RNA processing. Likewise, the signals for and mechanism of 3′ polyadenylation of arterivirus mRNAs remain to be investigated, although it is commonly assumed that this process in RNA viruses is primarily directed by the viral RdRp subunit.

3. Function of PRRSV nonstructural proteins in host immunity {#sec0050}
============================================================

3.1. Adaptive immune responses against PRRSV nsps {#sec0055}
-------------------------------------------------

PRRSV nsp1 α/β, nsp2, and nsp7 were found to be important players in the humoral immune response. [@bib0275] used a phage display library to screen for linear oligopeptide epitopes that reacted with antisera from pigs infected with Type I PRRSV. Ten linear B-cell epitope sites (ES) were identified, which were scattered throughout the nonstructural and structural protein regions of the virus. Interestingly, six of the ten epitopes mapped to nsp2 and two others were located in nsp1β and nsp4. By using phage-displayed peptides (epitopes) from PRRSV nsps as ELISA antigen, Oleksiewicz and co-workers were able to detect specific serum antibody responses against nsps*.* Such antibodies were also consistently found in the semen of boars, beginning from 1--4 weeks post infection. A correlation between seminal IgA anti-nsp responses and the duration of PRRSV RNA detection in semen was also observed ([@bib0280]). A recent study by [@bib0035] also demonstrated the antigenic nature of certain PRRSV nsps ([Fig. 6](#fig0030){ref-type="fig"} ). Serum antibody responses to Type II PRRSV ORF1a-encoded nsps were screened by ELISA, revealing that in particular nsp1α/β, nsp2, and nsp7 reacted strongly with pig immune sera. The antibodies specific to these proteins could be detected as early as 14 days post infection (dpi) and lasted at least until 202 dpi. Further comparison of these three antigens with nucleocapsid (N) protein showed that there was a decrease of antibody titers to the N protein after 126 dpi, while the antibody titers to nsp1α/β, nsp2, and nsp7 were maintained at high levels. [@bib0175] indicated that the antibody reactivity to nsp1α/β depended on refolding of the denatured protein, suggesting that the porcine antibody response is directed primarily to conformational epitopes. Sera from pigs infected with various PRRSV strains cross-reacted with nsp1α/β and nsp2 antigens, indicating that multiple epitopes are conserved. Strain-specific antibody responses to highly variable regions of nsp2 were also detected, which provide a basis for the development of immunoassays that can differentiate between serological responses against vaccines and field isolates (see Section [4.1](#sec0080){ref-type="sec"} below). [@bib0175] postulated that the early and robust antibody responses induced by nsp1α/β and nsp2 may be related to their expression and rapid autoproteolytic release early in the viral replicative cycle. This might make these proteins available right away for degradation by the macrophage proteosome machinery and presentation to the immune system in the context of MHC classes I and II.Fig. 6Kinetics of antibody response to PRRSV nsps. Pigs were experimentally infected with Type II PRRSV, VR2332. The serum samples were collected from 0 to 202 days post inoculation (DPI) as indicated. For nsp4 and nsp8, serum samples from 10 pigs were tested; for nsp1, nsp2, and nsp7, serum samples from 30 pigs were tested.Figure adapted from [@bib0035].

3.2. PRRSV nsps modulating innate immune responses {#sec0060}
--------------------------------------------------

PRRSV infection appears to elicit poor innate immune responses, presumably resulting in a weak adaptive immune response. The latter is apparent from short-lasting cell-mediated immune responses and slow development of virus-specific interferon (IFN)-γ secreting cells, leading to a prolonged viremia ([@bib0235], [@bib0330]). Stimulation of MARC-145 cells by exogenous double-stranded RNA resulted in a significant increase in Type I IFN mRNA expression, but in the presence of PRRSV infection, Type I IFN activation was significantly inhibited ([@bib0250]). Results from [@bib0220] showed that PRRSV infection significantly inhibits dsRNA-induced IFN-β production. Various PRRSV nonstructural proteins appear to be able to modulate Type I IFN activity in expression systems employing reporter gene-based read-outs. Expression of PRRSV nsp1α/β and nsp2 were found to exert strong inhibitory effects on IFN-β promoter activation ([@bib0025], [@bib0050], [@bib0195], [@bib0430]). Nsp4 and nsp11 were also reported to have inhibitory effect on IFN-β promoter activation ([@bib0425], [@bib0025]), although this type of studies requires detailed follow-up experiments to exclude the possibility that the observed effects may be (partially) due to more general consequences of the expression of these potentially toxic viral enzymes. The deubiquitinating activity of the arterivirus nsp2 CP/OTU domain appears to be capable of suppressing IFN-β production and signaling. [@bib0125] reported that the EAV and PRRSV nsp2 CP domains are capable of deconjugating both ubiquitin and interferon stimulated gene (ISG) 15 from cellular proteins, which may thus inhibit ubiquitin- and ISG15-dependent innate immune responses. The mechanistic aspects of the role of PRRSV nsp1 α/β and nsp2 in counteracting host innate immune response are reviewed in more detail in Sections [3.3](#sec0065){ref-type="sec"}, [3.4](#sec0070){ref-type="sec"}.

3.3. Suppression of Type I interferon synthesis and signaling by PRRSV nsp1α and nsp1β {#sec0065}
--------------------------------------------------------------------------------------

The host innate immune response is the first line of defense in counteracting virus infection. A key aspect of the antiviral innate immune response is the synthesis and secretion of Type I interferon such as IFN-α and IFN-β, which exhibit antiviral, anti-proliferative, and immunomodulatory functions (reviewed by [@bib0340], [@bib0145], [@bib0315]). The two N-terminal PRRSV replicase cleavage products, nsp1α and nsp1β, appear to affect Type I IFN synthesis and signaling in different manners. Individually expressed nsp1β has the ability to inhibit both IFN synthesis and signaling, while nsp1α strongly inhibits IFN synthesis only. Nsp1β expression strongly inhibited IFN regulatory factor 3 (IRF3)- dependent gene induction in the signaling pathway leading to IFN-β synthesis ([@bib0025], [@bib0050]). Specifically, when tested in a porcine myelomonocytic cell line, nsp1β inhibited Sendai virus-mediated activation of porcine IFN-β promoter activity ([@bib0025]). [@bib0050] tested each component in the IRF3 signaling pathway in response to dsRNA stimulation. The result suggests that the PRRSV nsp1α and nsp1β proteins act downstream of IRF-3 activation, which may have a direct effect on the formation of the transcription enhanceosome on the IFN-β promoter in the nucleus. [@bib0195] reported that nsp1α/β may interfere with IFN-β production through degradation of transcription factor CREB-binding protein (CBP300) in the cell nucleus. When expressed in HeLa or MARC-145 cells, nsp1α/β did not block IRF3 phosphorylation or its nuclear translocation, but inhibited IRF3 association with CBP300 to form the transcription enhanceosome in the nucleus. While IRF3 was stable, CBP300 was degraded in the presence of nsp1α/β. Although this effect needs to be further corroborated in infected, natural host cells, the result is consistent with the predominantly nuclear localization of nsp1α and nsp1β ([@bib0050]) during the later stages of infection and the fact that IRF3 appears to be activated and translocated to the nucleus normally after SeV infection of cells expressing PRRSV nsp1α or nsp1β. These studies suggested that these proteins may affect enhanceosome assembly in the cell nucleus, which could be one of the mechanisms leading to a block of the IFN response during infection. Also part of EAV nsp1 was reported to localize into the nucleus of the infected cell ([@bib0450]), likely mediated by its C-terminal region (amino acids 157--260) that roughly corresponds to PRRSV nsp1β. Interestingly, arterivirus nsp1 sequences do not contain any of the canonical nuclear localization signals, suggesting that nuclear import may depend on interactions with other proteins that shuttle between cytoplasm and nucleus. [@bib0455] further demonstrated an interaction between EAV nsp1 and a host cell transcriptional co-activator, p100, in the cell nucleus and suggested that the nuclear localization of nsp1 might be the basis for modulation of host cell transcription. Recent *in vitro* studies also showed that EAV nsp1 is a potent IFN antagonist (Chen et al., manuscript in preparation), suggesting that the protein may both modulate host transcription and interfere with host innate immunity.

After being secreted, Type I IFN binds to its receptor on adjacent cells to activate the so-called JAK-STAT signaling pathway, which in turn induces the transcription of interferon-stimulated genes (ISGs) enabling the host cell to fight infection and inhibit virus replication. PRRSV nsp1β was found to be able to inhibit the IFN-dependent signaling pathway leading to ISG expression ([@bib0025]). The protein strongly inhibited reporter gene expression from an IFN-stimulated response element (ISRE) promoter after IFN-β stimulation ([@bib0050]). Its impact on this pathway appears to be based on a block of the phosphorylation of transcription factor STAT1 and prevention of STAT1\'s nuclear translocation. [@bib0555] identified a protein inhibitor of activated STAT1 (PIAS1) as a specific cellular interaction partner for nsp1α and nsp1β. [@bib0025] reported that both nsp1α and nsp1β are able to inhibit upregulation of endogenous ISG56 expression. Further studies in this area are needed to unravel and understand PRRSV nsp1α/β effects on IFN signaling in more detail.

3.4. Multifunctional PRRSV nsp2 modulates the host immune response at different levels {#sec0070}
--------------------------------------------------------------------------------------

Nsp2 is the largest (mature) PRRSV protein and contains at least four distinct domains: the N-terminal CP/OTU domain, a central hypervariable region, a putative transmembrane domain, and a C-terminal region of unknown function that is rich in conserved Cys residues ([@bib0385]). The CP domain performs the critical cleavage of the nsp2/3 site, and in the EAV model, fully cleaved nsp2 was reported to be a co-factor for the nsp4 main protease during cleavage of the nsp4/5 site ([@bib0535]). Subsequently, comparative sequence analysis revealed that the nsp2 CP belongs to the OTU family of deubiquitinating enzymes ([@bib0225]), a prediction now confirmed for both EAV and PRRSV ([@bib0125], [@bib0430]). [@bib0125] also documented the ability of the nsp2 CP to deconjugate ISG15, an interferon-induced ubiquitin-like molecule exhibiting antiviral activity. The biological significance of this activity was supported by its capacity to inhibit NF-κB dependent signaling and antagonize the antiviral effects of ISG15 when expressed in combination with a Sindbis virus infection *in vivo*. Ongoing in-depth studies may elucidate the specific viral and/or host protein target(s) of the interferon-signaling network with which arterivirus nsp2 OTU domains interact.

As discussed in Section [3.1](#sec0055){ref-type="sec"}, PRRSV nsp2 is an immunodominant protein with the ability to induce a strong humoral antibody response ([@bib0275]). In Type II PRRSV nsp2, [@bib0070] demonstrated that nsp2 contains the highest frequency of B-cell epitopes, and [@bib0550] identified six linear B-cells epitopes using a panel of monoclonal antibodies and swine antisera. Another important characteristic of nsp2 is that its central region is highly variable with deletions and insertions having been identified in various studies ([Fig. 7](#fig0035){ref-type="fig"} ; [@bib0375], [@bib0130], [@bib0105], [@bib0115], [@bib0320], [@bib0150], [@bib0435], [@bib0560], [@bib0200]). [@bib0105] reported the nsp2 sequences from a group of Type I PRRSV strains that had emerged in North America since 1999. A hallmark of this group is a17-aa deletion in nsp2, which is accompanied by additional deletions/insertions. Interestingly, most of the B-cell epitope sites identified in nsp2 are associated with these deletion/insertion regions. A search for potential T cell epitopes in the region of the 17-aa deletion revealed a MHC class I HLA-A2.1-restricted epitope motif, LINLVGGNL and a general T cell epitope motif, VSAGLINLVG ([@bib0325], [@bib0100], [@bib0165]). Deletions and insertions in nsp2 were also reported in Type II PRRSV ([@bib0375], [@bib0130], [@bib0150], [@bib0435], [@bib0560]). For example, the highly pathogenic PRRSV (HP-PRRSV) associated with 2006 outbreaks of porcine high fever disease in Southeastern Asia was found to possess a discontinuous (29 and 1) 30-aa deletion in the nsp2 region ([@bib0435]), which contains previously identified B-cell epitopes (aa 536--560; [@bib0070]) and potential T-cell epitopes ([@bib0100], [@bib0360]).Fig. 7Hypervariability of PRRSV nsp2 region. Nsp2 peptide sequences of 18 Type I (top panel) and 15 Type II (lower panel) PRRSV were aligned using Clustal X. The histogram shows the number of amino acid substitutions along the nsp2 peptide sequence for all viruses. Each bar covers 10 amino acids along the nsp2 peptide sequence. The locations of amino acid insertions and deletions are identified by dashed and solid arrows, respectively. The number above each arrow identifies the length of the insertion/deletion. HV: hypervariable region.Figure adapted from [@bib0115].

Current research efforts are directed towards elucidating whether there is an association between PRRSV pathogenicity and nsp2 sequence variation. The 30-aa nsp2 deletion in Chinese HP-PRRSV was initially suspected to be a determinant of fatal disease, but a recent study from [@bib0565] concluded that this is unlikely to be the case. A chimeric virus in which the nsp2 region of a highly virulent strain (JXwn06) containing the 30-aa deletion was replaced by the corresponding region of a low virulent strain (HB-1/3.9) retained high virulence for piglets, although prolonged survival of infected animals was observed. Moreover, introduction of the same 30-aa deletion into strain HB1-1/3.9 did not alter the virulence phenotype of that virus. Therefore, it was concluded that this nsp2 deletion is not a primary determinant of virulence in HP-PRRSV. A recent study from [@bib0095] showed that a virulent strain carrying a large deletion in the central region of nsp2 (rMN184Δ618) was neither sufficiently attenuated nor efficacious in protecting against a heterologous challenge when tested as a potential vaccine strain, although a lower replication rate was observed in the earlier stages of infection. In Type 1 PRRSV, each of the six identified B-cell epitopes (ES2 through ES7) were deleted by reverse genetics ([@bib0055]). Deletion of ES3, ES4, or ES7 allowed the generation of viable recombinant viruses, in line with data from [@bib0155] demonstrating that the hypervariable central region of nsp2 is dispensable for virus replication. Further *in vitro* and *in vivo* characterization of these nsp2 epitope deletion mutants showed that mutants ΔES4 and ΔES7 are attenuated, whereas mutant ΔES3 produced higher peak viral loads in pigs as compared to the parental virus. The expression of innate and T helper 1 cytokines was measured in peripheral blood mononuclear cells and virus-infected macrophages and, compared to the parental virus and other nsp2 deletion mutants, IL-1β and TNF-α expression levels were found to be consistently down-regulated in the case of the ΔES3 mutant.

The studies summarized above make it clear that PRRSV nsp2 is a multi-functional replicase subunit, with different domains being involved in different functions in viral replication and pathogenesis. Certain nsp2 regions appear less- or non-essential for PRRSV replication, but may play important roles in the modulation of host immune response *in vivo.* Deletions and hypervariability in this region may represent a mechanism for the virus to escape from host immune surveillance.

4. The PRRSV replicase in vaccine and diagnostic test development {#sec0075}
=================================================================

4.1. Development of genetic markers in PRRSV nsp2: Implications for recombinant marker vaccines {#sec0080}
-----------------------------------------------------------------------------------------------

Modified-live attenuated vaccines against PRRSV are currently used to combat clinical disease. However, vaccinated pigs cannot be distinguished serologically from pigs that have recovered from a natural infection. A genetically marked vaccine that would allow the differentiation of naturally infected and vaccinated animals (DIVA) would be invaluable for PRRSV control and eradication programs. Modified-live vaccines containing such genetic markers have been developed for various animal RNA and DNA viruses, either by insertion of foreign antigens to create a positive marker or by deletion of an immunogenic domain (epitope) to create a negative marker. The antibody responses to the foreign insert or deleted epitope were used to differentiate vaccinated animals from naturally infected animals ([@bib0255], [@bib0180], [@bib0515], [@bib0520], [@bib0525], [@bib0545], [@bib0230], [@bib0040]).

Given the compact organization of the rest of the PRRSV genome and in view of the available data on nsp2 sequence heterogeneity (see above), the PRRSV nsp2 region is considered one of the primary candidates for engineering such vaccine markers. Another important property related to marker engineering is the presence of several immunodominant epitopes in this region, whose removal could be used as a negative marker. To obtain proof of principle, several laboratories have explored the insertion into nsp2 of green fluorescent protein (GFP) as a positive marker. Using an American Type I PRRSV infectious clone, pSD 01-08, the GFP gene was inserted into the central region of the nsp2-coding sequence ([@bib0110]). In order to obtain a negative marker virus, the B-cell epitope ES4 that is located downstream of the GFP insertion was deleted. Infectious progeny virus (GFP/ΔES4 marker virus) was recovered ([@bib0120]) and its *in vivo* characteristics were studied in a nursery pig disease model. GFP- and ES4 epitope-based ELISA assays were developed as accompanying tests for marker detection. Marker virus-vaccinated pigs could indeed be identified by GFP-positive ELISA results, whereas wild-type virus-exposed pigs were characterized by an ES4-positive ELISA outcome. Finally, animals exposed to both the vaccine and wild-type virus could be identified by producing positive ELISA results for both GFP and ES4. Thus, this study demonstrated that genetically engineered recombinant PRRSV and companion ELISA can be used to correctly identify the vaccination and/or infection status *in vivo*.

The genetic flexibility of nsp2 was also explored for marker engineering in Type II viruses by several laboratories. Using a VR2332 infectious cDNA clone as a backbone, [@bib0155] inserted the GFP gene into the site of an nsp2 deletion (V7-nsp2Δ324--434) located in the position where a natural deletion had been found. The recombinant virus was viable but exhibited slower growth kinetics. The GFP-coding insert was unstable, and the recombinant virus gradually gained parental growth kinetics by loss of most of the GFP gene. A similar study was reported by [@bib0185], who modified the pCMV-129 infectious clone by replacing 131-aa in the C-terminal region of nsp2 by the GFP gene. Other oligo- and polypeptide tags, including FLAG and luciferase, were also inserted into this region. Their results showed that only the genomes containing the GFP-coding insert were replication competent and produced virus progeny. However, GFP fluorescence, but not GFP immunoreactivity, was lost during subsequent passaging of recombinant viruses in culture. *In vivo* studies showed that GFP was recognized by the sera from pigs infected with the deletion mutant, but not by sera from pigs infected with wild-type virus. In contrast, the 131-aa peptide was recognized by the sera from pigs infected with the wild-type virus, but not the sera from pigs infected with the deletion mutant ([@bib0190]).

Also another negative marker virus was constructed using the pFL12 infectious clone ([@bib0465]). By reverse genetics, [@bib0075] deleted epitope 44 and 45 from the nsp2 region and recovered viable viruses. *In vivo* analysis showed that pigs inoculated with the 44 epitope deletion mutant (FLdNSP2/44) did not develop antibodies against the deleted epitope, whereas a strong reaction was observed in the same peptide-based ELISA using sera from animals infected with the wild-type virus. Taken together, the studies summarized above provide proof of concept to support the concept of PRRSV marker vaccine development by deletion of an individual immunodominant epitope (negative marker) and/or inclusion of a foreign immunogenic domain (positive marker). Two major obstacles still need to be overcome for future marker vaccine development. The first is the limited stability of the marker-coding region, since markers need to be stable during passaging in cell culture and animals. Secondly, negative marker candidates with a high degree of sequence conservation need to be identified to ensure reaction with a broad array of field viruses. Thus, the central region of nsp2 may not be the best target for marker engineering due to its hypervariable nature. On the other hand, the N-terminal nsp2 CP domain region is highly conserved and immunogenic, suggesting it is worthwhile exploring. Also other PRRSV genome regions, including ORF5, ORF6 and ORF7 regions are currently being investigated for their potential in genetic marker engineering.

4.2. Identification of virulence determinants in the PRRSV replicase and their importance for PRRSV vaccine development {#sec0085}
-----------------------------------------------------------------------------------------------------------------------

A recent development in the generation of improved live PRRSV vaccines is the search for genetic markers for virulence and the application of this knowledge in reverse genetics-based vaccine development. [@bib0530] developed two genetically distinct recombinant viruses (pMLV, constructed from Ingelvac^®^ PRRS MLV; pMN184, constructed from virulent strain MN184) to study the attenuation of the contemporary PRRSV strain MN184. Two reciprocal chimeric clones (pMLVORF1/MN184 and pMN184ORF1/MLV) were constructed, such that the 5′ UTR/replicase of one strain was linked to ORF2a--7/3′ UTR from the other strain. The parental and chimeric viruses were characterized in a nursery pig model, and a complete loss of acute pathogenicity was observed upon introduction of the 5′ four-fifths of the vaccine virus into strain MN184, suggesting that the replicase gene is an important player in viral virulence and attenuation. Their challenge study further showed improved protection in the groups infected with the chimeric viruses (no mortality), which appeared to be protected following the exposure to the virulent heterologous challenge virus. This study suggested that a new PRRSV vaccine could be developed by retaining the 5′UTR/replicase region of an early vaccine strain such as Ingelvac^®^ PRRS MLV and replacing the structural protein-coding domain and 3′UTR with that of an emerging virulent virus.

[@bib0215] reported a more detailed analysis of virulence factors in the PRRSV replicase gene. A series of chimeric viruses were generated in which specific genomic regions in a highly virulent PRRSV infectious clone (pFL12) were replaced with their counterparts from an attenuated vaccine strain (Prime Pac). The *in vivo* virulence of the chimeric viruses was determined in a sow reproductive failure model. In the replicase gene, the most important region contributing to PRRSV virulence appeared to be the nsp3--8-coding region, as reflected in the sows inoculated with the chimeric virus cPNSP3.8, in which the part of nsp3--8 region of a virulent strain was replaced by the corresponding region from a vaccine strain. These animals exhibited a significantly improved piglet survival rate in comparison to the offspring of sows inoculated with the parental pFL12 virus. In addition, the nsp1--3 and nsp10--12 regions were proposed to contain potential virulence determinants.

Taken together, the studies summarized above establish model systems for dissecting the molecular basis of attenuation of PRRSV virulence during the future generation of more rationally attenuated PRRSV vaccines. As a general *caveat*, however, it has to be pointed out that the engineering of chimeric, truncated, or otherwise mutated RNA virus genome sequences, as done in various of the studies described above, can have unforeseen consequences. For example, known and unknown RNA signals underlying specific protein sequences, or overall viral RNA structure, may be affected when making such recombinant viruses. Likewise, the interplay between viral nsps could be influenced by point mutations present in swapped replicase domains. These effects could result in subtle or more pronounced changes in -- for example -- replicase polyprotein processing, general viral RNA synthesis properties, sg mRNA production in particular (*e.g.* due to changes in leader TRS-body TRS interplay), or interactions with the host\'s innate immune system. Clearly, this calls for an in-depth characterization of a variety of molecular biological properties of engineered recombinant viruses before solid conclusions about the role of specific nsps in virulence and pathogenesis can be drawn.

4.3. PRRSV nonstructural proteins as potential diagnostic targets {#sec0090}
-----------------------------------------------------------------

Nsp1α/β, nsp2, and nsp7 have been explored as potential antigens for the development of serological diagnostic assays. As discussed in Section [3.1](#sec0055){ref-type="sec"}, nsp1α/β, nsp2, and nsp7 react strongly with pig immune sera. [@bib0035] have performed a detailed comparison of these three antigens in terms of their sensitivity upon early seroconversion and the correlation with the response to the N protein, which is the antigen in the IDEXX HerdChek^®^ PRRS 2XR ELISA. Interestingly, there is a decrease of the antibody titer to the N protein after 126 dpi, while the antibody titers of nsp1, nsp2, and nsp7 continued to be high. Nsp7 was selected as the target in further diagnostic development based on a combination of characteristics: (i) nsp7 can be expressed as soluble recombinant protein in bacterial cultures, which is convenient for ELISA antigen preparation, especially when applied in large-scale diagnostic screening campaigns; (ii) the nsp7-coding region of both PRRSV genotypes is more conserved compared to the regions encoding nsp1α/β and nsp2; (iii) the use of nsp7 offers the possibility of reliable antibody detection beyond 126 dpi. Using recombinant nsp7 as antigen, a dual-ELISA for the simultaneous detection and differentiation of serum antibodies against Type I and Type II PRRSV was validated. The nsp7-based ELISAs showed good sensitivity and specificity for identification and differentiation of Type I and Type II PRRSV. The capability of the nsp7 dual-ELISA to detect serum antibody response from pigs infected with genetically different field strains was measured. The nsp7 dual-ELISA showed 97.6% agreement with the IDEXX HerdChek^®^ PRRS 2XR ELISA. Upon further testing of suspected false positive IDEXX samples, the nsp7 dual-ELISA resolved 98% of these samples as negative. These results indicate that the nsp7 dual-ELISA can be used as a highly sensitive and specific differential test in PRRSV serology. This ELISA offers an additional tool for routine or follow-up diagnostics, as well as having substantial value in epidemiological surveys and outbreak investigations.

5. Future prospects {#sec0095}
===================

A principal reason for the inability of complete PRRSV control is the lack of knowledge on the mechanisms the virus employs to evade host innate and adaptive immune responses. We are at the initial stages of exploring the roles that PRRSV nonstructural proteins play in this key aspect of virus--host interplay, the development of improved vaccines being one of the driving forces behind most of this basic research. At the same time, our knowledge of the molecular biological and biochemical characteristics of arterivirus nonstructural proteins continues to develop, with important implications for our understanding of viral RNA synthesis. There is little need to emphasize the importance of this process, given the fact that -- generally speaking -- a 'simple' reduction of its replication efficiency is one of the most straightforward mechanisms of virus attenuation. Moreover, through their general low fidelity, RNA virus RdRp-complexes are key players in virus evolution, which is reflected in the gradual but continuous genetic changes observed in particular in globally spreading RNA viruses like PRRSV. A more detailed understanding of the functions of arterivirus nsps in sg mRNA synthesis is important, given the critical role of these transcripts in the production of progeny virions, a process in which nsps also may participate through functions not related to sg RNA synthesis. Finally, if the use of such compounds in veterinary settings would ever become a financially attractive and accepted supplement to vaccination strategies, the biochemical and structural characterization of key arterivirus enzymes, like the proteases, RdRp, and helicase, may provide important leads for the development of specific anti-PRRSV drugs.

One of the most important aspects will be to develop a strategy on how to appropriately manipulate PRRSV-encoded antagonists of the IFN system and virulence factors during the development of a new generation of modified live vaccines. The initial research efforts in this area have raised many important questions: (i) Are PRRSV nsps modulating host gene expression and/or immune responses in a virus strain-specific manner? (ii) Does the postulated IFN-antagonizing activity of various nsps play a significant role in PRRSV replication and/or pathogenesis in animal models? (iii) Could certain nsp mutations be used to generate viable recombinant viruses with stably altered replication and virulence properties *in vivo*? (iv) Do mutations and deletions in specific nsps alter the IFN and cytokine responses in infected cells and (or) animals? If so, how does this affect disease progression in animals? (v) Can an attenuated PRRSV mutant with changes in its replicase gene provide protective immunity from wild-type PRRSV infection? Addressing these questions will be crucial to advance our understanding of the interplay between PRRSV replication and pathogenesis in the host, and to provide valuable information for vaccine development.

Another important aspect of nsp structure/function studies is to develop more sensitive and specific diagnostic assays. Currently available PRRSV diagnostic assays provide good sensitivity and specificity in controlled settings. However, the worldwide experience with PRRSV outbreaks suggests that substantial improvement is needed in some of these areas. This diagnostic challenge is mainly due to characteristics shared with all RNA viruses: PRRSV undergoes rapid evolution, which creates genetically and antigenically heterogeneous populations. The functional importance of PRRSV nsps in viral replication and host immunity makes them attractive targets for the diagnostic test development. The use of the generally more conserved nsps may offer certain advantages, although a diagnostic test based on a single PRRSV strain may still not be effective in detecting the wide spectrum of PRRSV field strains.

Persistence is another significant factor impeding the successful elimination of PRRS. Current diagnostic methods are unable to differentiate persistently infected pigs from pigs that have developed protective immunity. The PRRSV nsp7 region has now been successfully tested as a potential antigen for the development of serological assays. An important property of this protein is that the antibody response against this target persists for at least 202 dpi, which could also be used as a potential indicator of persistence. This study represents an initial effort to explore replicase subunits as a diagnostic target. Future advancements in our understanding of PRRSV nsp structure and function in replication and host immunity will likely provide a basis for additional and improved approaches to the development of diagnostic assays.
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[^1]: Amino acid numbers refer to the pp1ab sequence of Type I PRRSV strain Lelystad (GenBank accession \#M96262) or Type II PRRSV strain VR2332 (GenBank accession \#PRU87392).

[^2]: PCP: Papain-like cysteine proteine protease; CP: cysteine protease; SP: serine protease;? unknown function or cleavage site.

[^3]: Adjusted compared to earlier predictions to match the general LxGG↓ specificity of DUBs of the OTU class.

[^4]: Due to the ORF1a/1b -1 ribosomal frameshift immediately upstream of its codon, this C-terminal Cys residue of pp1a is only present in nsp8, but not in nsp9, in which it is essentially replaced by Leu, the first ORF1b-encoded residue after the frameshift site.
